The aim of the study was to investigate whether a long-lasting bout of exercise modifies the lipolytic b-and antilipolytic-a 2 -adrenergic effect and the antilipolytic effect of insulin in obese subjects. DESIGN: Biopsies of abdominal subcutaneous adipose tissue were performed before and immediately after 2 h exercise (at 50% of VO 2max ) on an ergometric bicycle. SUBJECTS: Nine healthy obese male subjects (mean age 38.0 AE 3.5 y; mean body mass index (BMI) 35.6 AE 3.9 kg=m 2 ) were included in the experiment. METHODS: The lipolytic responsiveness to adrenaline, isoprenaline (b-adrenergic agonist), UK-14304 (a 2 -adrenergic agonist) and insulin was studied in the isolated fat cell obtained by biopsies of subcutaneous adipose tissue from the peri-umbilical region before and after exercise. RESULTS: After exercise, an increase was observed in spontaneous lipolytic rate, and in the lipolytic effect of isoprenaline, but no modification in the lipolytic action of adrenaline. Antilipolytic effects of UK-14304 and insulin were not changed by the single bout of exercise. CONCLUSION: A single bout of long-term exercise increased the responsiveness of adipose tissue to b-adrenergic stimulation of lipolysis in obese subjects.
Introduction
Regular exercise practice is currently proposed as a complement to diet in the treatment of obesity. 1 -4 Exercise increases energy expenditure and thus participates in decreasing fat body mass. Regular exercise also has beneficial effects upon some metabolic disturbances found in obese subjects. 3, 5, 6 Furthermore, physical activity associated with diet seems to give better long-term weight control than diet alone. 4, 7 The most useful kind of exercise appears to be the longlasting type. It is well known that during prolonged exercise, non-esterified fatty acids (NEFA) are released from adipocytes and used as the main supply fuel for the muscles 8 -10 and that the main controlling factor for the oxidation of NEFA seems to be their rate of mobilization from the adipose tissue. 11 In man, the mobilization of lipids from adipose tissue is mainly due to catecholamines (adrenaline and noradrenaline). Indeed, lipolysis results from the balance between the lipolytic effect of b-adrenergic receptors (-AR) and the antilipolytic effect of a 2 -AR. 12 During exercise, the enhancement of lipolysis in adipose tissue is explained by activation of the sympathetic nervous system and adrenomedulla, which release noradrenaline and adrenaline but also by decrease of insulin release. 13 In healthy, trained or untrained non-obese subjects, it has previously been demonstrated that a single exercise bout can modify the responsiveness of fat cells to adrenergic agents. Indeed, in vitro 14 -17 and in vivo studies 18, 19 agree that lipolytic response to catecholamines is enhanced after exercise, mainly by b-adrenergic pathway activation. It is likely that an exercise-induced decrease of insulin concentration could also be responsible for the enhanced lipolytic response. Less is known about the mechanisms involved in obese subjects. Recent microdialysis studies performed in lean and obese subjects have shown that the antilipolytic effect of a 2 -AR during exercise was significantly higher in subcutaneous adipose tissue of obese subjects compared to lean ones. 20, 21 On the other hand, regular exercise practice is known to increase whole-body insulin sensitivity 22 and in vivo studies have shown that endurance training in obese subjects could cause diminished resistance of subcutaneous adipose tissue to the antilipolytic action of insulin. 23, 24 To our knowledge, no in vitro studies determining the lipolytic and antilipolytic responses to the main agents in obese subjects before and after a long bout of moderate exercise have been performed yet. The aim of the present study was therefore to evaluate subcutaneous abdominal adipose tissue lipolysis responsiveness to b-and a 2 -adrenergic agents and insulin, in obese subjects, before and after a long duration exercise, ie 2 h. This type of exercise was chosen to induce a great involvement of fat metabolism in covering the energy needs of working muscles. 25 
Subjects and methods

Subjects
Nine healthy obese male subjects of 38.0 AE 3.5 y, of 110.4 AE 4.7 kg, with a body mass index (BMI) of 35.6 AE 3.9 kg=m 2 participated in the study. None of them was taking any medication and they were asked to abstain from exercise, alcohol, tobacco and coffee during the 2 days before the experiment. They were all studied while eating the weight-maintaining diet of at least 8360 kJ=day (1997 kcal=day).
One week before the study, the maximum oxygen output (VO 2max ) of each subject was measured using a Sensor Medics device (Yorba Linda, CA, USA) during an exercise performed on an electrically braked bicycle ergometer (Ergometrics 800s; Ergoline, Jaeger, Germany). The mean VO 2max was 3.4 AE 0.2 l O 2 =min.
All subjects were informed of the nature, purpose and possible risks of the experiment and gave their written informed consent before the experiments began. The studies were performed according to the Declaration of Helsinki and approved by the Ethical Committee of Third Faculty of Medicine (Prague, Czech Republic).
Methods
The experiments were performed in the morning after an overnight fast, from 8 am.
Exercise protocol. A flexible catheter for blood sampling was inserted into an antecubital vein and kept patent by constant perfusion of isotonic saline solution without heparin. The first blood sample was drawn after 30 min of rest in the semirecumbent position. Physical exercise was then performed on the ergometric bicycle at a load corresponding to 50% of VO 2max . The exercise lasted 2 h with continuous monitoring of heart rate. Analysis of expired air and measurement of VO 2 were carried out every 15 min and when necessary the load was slightly modified to maintain VO 2 at 50% of VO 2max ( AE 10 W). Venous blood samples were taken immediately before exercise, at the 60th, 90th and 120th min of exercise and 20 min after the end of exercise. All blood samples were dispensed into tubes for determination of catecholamines, insulin, glycerol, NEFA and hemoglobin. For catecholamine measurement, blood was sampled into iced tubes containing EDTA þ glutathion, immediately deproteinized and stored at 7 80 C. Capillary blood was sampled at the same time intervals and analyzed for hematocrit.
Biopsy procedure. A first biopsy of subcutaneous abdominal adipose tissue was made before and a second biopsy within 5 min after the end of the 120 min period of exercise. After cutaneous disinfection with phenylmercuryl borate, a small region was anesthetized with 0.5% lidocaine solution without adrenaline, at 10 cm from the navel, on the side of the abdomen. A small (3 mm) cutaneous incision facilitated the penetration of a 2 mm diameter needle, mounted on a syringe containing 2 ml of 0.9% NaCl. By successive suctions, about 200 mg of subcutaneous adipose tissue were drawn into the syringe.
Lipolysis study. Adipocytes were isolated as previously described, 26 in a Krebs -Ringer bicarbonate buffer (pH 7.4) containing 0.5 mg=ml collagenase. This buffer (KRBA) contained 90 mg glucose=100 ml and 4% bovine albumin. Digestion took place for 50 min at 37 C in a shaking water bath. The suspension was then filtered through a Fyltis 250 mm mesh filter. The cellular filtrate obtained was then rinsed three times with 10 ml of KRBA previously gased with a mixture of 5% CO 2 and 95% O 2 . The isolated adipocytes were suspended in a volume such that the final number of adipocytes was adjusted to between 20 000 and 25 000 cells per ml for all the subjects.
Measurement of adipocyte lipolysis. The glycerol released (lipolytic index) into the medium was measured. 27 Aliquots (50 ml) of the continuously stirred cell suspension were placed in 1.5 ml conical tubes. Four of these tubes were used for cell counting and sizing, to estimate the quantity of lipid incubated in each tube and the average cell volume, as previously described. 28 Krebs -Ringer bicarbonate buffer (20 ml) was added to another four tubes, which were immediately placed on ice. They provided an evaluation of the initial quantity of glycerol contained in the medium.
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I Harant et al Adrenaline (a b-and a 2 -adrenergic agonist), isoprenaline (a b-adrenergic agonist), UK-14304 (an a 2 -adrenergic agonist) and insulin (20 ml) , in solution at various concentrations were added to the remaining tubes, except for four tubes that received only Krebs -Ringer bicarbonate buffer (20 ml) for determination of spontaneous lipolysis. For a better evaluation of the inhibitory action of UK 14304 and of insulin, the basal levels of glycerol were increased by addition of 2 mg=ml of adenosine deaminase (ADA) to remove the adenosine released into the incubation medium by the isolated fat cells. Four tubes received only 20 ml KrebsRinger bicarbonate buffer with 2 mg=ml ADA for the determination of spontaneous lipolysis with ADA.
For each concentration, three identical tubes were prepared. All the tubes were incubated in a shaking water bath for 4 h.
Afterwards, 20 ml of 0.5 M HCl were added to the tubes to stop the incubation and to inactivate any enzymes which could interact with the following steps. The tubes were then placed in the freezer ( 7 80 C). After thawing, 70 ml of tris(hydroxymethyl)aminomethane (Tris) was added to counteract the decrease in pH caused by the HCl. An aliquot (40 ml) for each tube was incubated for 2 h with 40 ml of an enzyme mixture, following the technique of Kather et al. 29 During the incubation, the transformation of glycerol into 3-phosphoglycerol, allowed the reduction of nicotinamide adenine dinucleotide (NAD) to its reduced form (NADH). The latter was measured by bioluminescence with a luciferase solution 30 using a 1251 LKB Wallac luminometer (Wallac Oy, Turku, Finland). To carry out this measurement, the contents of each tube were diluted with 1 ml of distilled water, and a 20 ml sample was placed in the apparatus and mixed with 60 ml of the luciferase solution. The amounts of glycerol were measured by comparison to reference values obtained from calibrated samples of glycerol having undergone the same treatment. For each concentration of lipolytic or antilipolytic agents, the amount of glycerol was taken to be the average of the quantities obtained from the three incubated tubes. The lipolytic activity is expressed as glycerol released per unit time (4 h) and per unit lipid mass (100 mg). The changes in lipolytic activity induced by various drugs are expressed as a deviation from spontaneous lipolysis. Blood analysis. Plasma adrenaline and noradrenaline were assayed by high performance liquid chromatography (HPLC) with fluorometric detection after treatment with 1,2-diphenylethylene-diamine, as previously described. 31 Glycerol was determined in plasma using a bioluminescence technique (see 'Measurement of adipocyte lipolysis' section). Blood glucose and plasma NEFA concentrations were measured with a glucose-oxidase technique (Biotrol, Paris, France) and an enzymatic procedure (Wako, Unipath, Dardilly, France), respectively. Plasma insulin concentration was determined with a commercially available radio-immunoassay kit (Sanofi Diagnostics Pasteur, Marnes la Coquette, France). All the plasma levels were corrected for the exercise-induced changes using hemoglobin and hematocrite. 32 Statistical analysis. All values are given as means AE s.e.m. Student's paired t-test and analysis of variance (two-way ANOVA with repeated measures with dose and exercise as factors -comparison of dose -response curves) were used for statistical comparison as appropriate. Values were considered statistically significant when P < 0.05. All calculations were performed using software statistical packages (Statview, Abacus Concepts, Berkeley, CA, USA).
Results
In vitro results
The average cell volume was 0.758 AE 0.059 nl before and 0.715 AE 0.054 nl after exercise. The difference was not significant. After exercise, spontaneous lipolysis was significantly increased (1.685 AE 0.363 mmol glycerol=100 mg of lipids) compared to the level before exercise (1.296 AE 0.393 mmol glycerol=100 mg of lipids; P < 0.05).
Before exercise, adrenaline did not induce a lipolytic effect in fat cells at any of the concentrations used. The lipolytic response to adrenaline after exercise did not differ significantly from the pre-exercise value ( Figure 1A) . The lipolytic response to isoprenaline was significant starting at 10 78 M (P < 0.01) before and after exercise. Starting at 10 77 M, the lipolytic response to isoprenaline was significantly higher (P < 0.05) after than before exercise ( Figure 1B) .
The inhibition of lipolysis induced by UK 14304 was significant starting at 3Â10
78 M before (P < 0.05) and after (P < 0.001) exercise (Figure 2A) . No modification of UK sensitivity was observed after exercise.
The inhibition of lipolysis induced by insulin was significant (P < 0.01), starting at 10 710 M, before and after exercise. For the effects of insulin on lipolysis, there was no significant difference before and after exercise ( Figure 2B ).
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In vivo results
Values of the various endocrinological and metabolic parameters are presented in Table 1 . Plasma adrenaline concentration was increased significantly starting from the 90th min of exercise (P < 0.05). After 20 min recovery, the plasma adrenaline concentration returned to rest values and was significantly lower than the value at the end of exercise (P < 0.01).
The plasma noradrenaline concentration increased significantly from the 60th min of exercise (P < 0.05). After 20 min of recovery, it decreased and was significantly lower than at the end of exercise (P < 0.01), without reaching the rest value.
At rest, the plasma insulin concentration of these obese subjects was high in fasting conditions (20.74 AE 2.56 mIU=l). During exercise, it decreased significantly (P < 0.01) from the 60th min. After 20 min of recovery, it increased and became significantly higher than at the end of exercise (P < 0.01), but Exercise-induced lipolysis in obese men I Harant et al was not significantly different from resting values. The plasma glucose level was significantly (P < 0.05) lower, compared to the resting values, from 90 min to the end of exercise Plasma NEFA and glycerol concentrations were significantly increased (P < 0.01) at all measured time intervals. Plasma NEFA level was still increased 20 min after the end of exercise (P < 0.01) and was significantly higher than at rest (P < 0.01). Glycerol values decreased at recovery (P < 0.01), but remained higher than at rest (P < 0.01).
Discussion
In healthy non-obese subjects, the lipolytic action of catecholamines is increased by a single bout of exercise of 30 or 90 min duration. 14, 15 Moreover, endurance training is reported to enhance the lipolytic activity of catecholamines in lean subjects 28, 33, 34 as well in obese subjects. 35, 36 These two phenomena are of importance for the increase of lipid mobilization from adipose tissue during long-lasting exercises. This type of exercise, ie prolonged exercise of moderate intensity, is recommended in the treatment of obesity.
However, it is difficult to obtain long-duration exercise in very overweight patients. To our knowledge, our study is the only one with such an exercise time performed in obese subjects. Nothing is known about the effect of a single bout of long-term exercise on the lipolytic action of catecholamines and insulin sensitivity in overweight men.
The main finding in the study is the presence of a significant exercise-induced increase in b-adrenergic lipolytic effect in the adipocytes of obese subjects. No exerciseinduced changes were found in the responses of adipocytes to adrenaline, to a specific a 2 -adrenergic agonist (UK 14304) or to the antilipolytic action of insulin.
Moreover, it is well known that in obese subjects basal lipolysis is high, 37 probably due to a strong adipose mass effect. In our study, basal lipolysis was enhanced by exercise, in contrast to the results found in lean subjects by Wahrenberg et al 14, 17 and Savard et al. 15 While Wahrenberg used an exercise of 30 min duration, which could explain the difference in results, in Savard's study the exercise stimulus was even higher than in our subjects (88% of maximal heart rate). The state of training and age could influence Savard's results (50.9 mlO 2 =kg=min and 21 y, respectively).
The enhancement of the b-AR mediated lipolysis in obese subjects seems to be similar to that occurring in lean sedentary subjects, 14, 17 but less pronounced than in trained subjects. 16 Thus, the mechanism facilitating free fatty acid mobilization from adipose tissue during exercise, which was previously demonstrated in lean subjects, 14, 15 is also present in obese individuals. The mechanism of the exercise-induced enhancement of b-adrenergic pathway efficiency in adipose cells remains unclear. Exercise appears to act at a step of the lipolytic cascade placed beyond the receptor -adenylate cyclase system, maybe at the hormonesensitive-lipase level. 17, 35 In our study, no modification of adrenaline-induced lipolysis was observed, while in the study of Savard et al it was enhanced. 15 This difference could be due to the much higher state of training than in our study, as it has been shown that training increases the sensitivity of adipose tissue to the lipolytic action of adrenaline. 28 In the present study, no exercise-induced changes occurred in the adipocyte response to a specific a 2 -adrenergic agonist (UK 14304). However, the a 2 -AR makes an important contribution to the physiological impairment of lipolysis in the adipose tissue of obese men. 21, 38 Indeed, Stich et al have shown in situ by microdialysis that exercise-induced lipolysis is higher in lean compared to obese subjects and that the difference is due to an enhanced a 2 -adrenoceptor-mediated antilipolytic effect of catecholamines in obese subjects. 21 Moreover, we have previously shown that endurance training can decrease a 2 -adrenergic sensitivity. 35 This lower a 2 -adrenergic antilipolytic effect might contribute to the training-induced rise of the lipolytic effect of adrenaline shown in the study of Savard et al.
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Besides catecholamines, insulin is a powerful hormone in the control of lipolysis in adipose tissue. Thus, the influence of a single bout of long-term exercise was assessed on the antilipolytic action of insulin. The high plasma insulin concentrations at rest and above all during recovery found in this study are in favor of insulin resistance in obese subjects. No modification of the antilipolytic action of insulin on adipocytes by a single bout of exercise was found, in accordance with the results in lean subjects. 14 In an in vitro study, the fat tissue of obese subjects was found to be resistant to the antilipolytic action of insulin. 39 Recently, it has been demonstrated that endurance training can increase the antilipolytic action of insulin in obese and lean subcutaneous adipose tissue. 23, 24, 35 In this study, we investigated isolated adipocytes in vitro. Any comparison of in vivo and in vitro results must be made with caution as the in vivo adipocyte responsiveness to catecholamines is influenced by its hormonal environment, specifically by insulin and by local agents (adenosine, prostaglandins, etc), which may all modify adipocyte responsiveness to adrenergic lipolytic stimuli. 40 In conclusion, the present study demonstrates that, in obese subjects, a single bout of long-term exercise increased the responsiveness of adipose tissue to b-adrenergic stimulation of lipolysis. Furthermore, we did not find any modification of exercise-induced a 2 -adrenergic or insulin responses. The enhancement of b-adrenergic responsiveness might be one of the factors which contribute to the increase in lipid mobilization during exercise in obese subjects.
